In COPD, pulmonary hyperinflation causes decreased stroke volume thereby decreased oxygen pulse (O 2 P). While O 2 P flattening is related to myocardial ischemia in cardiac patients, O 2 P patterns have seldom been explored in COPD. The aims of the study were to investigate O 2 P-curve patterns and associated factors in COPD. Seventy-five patients with stable COPD were enrolled. The demographics, cardiac size, physiological measurements and stress EKG were compared among O 2 P-curve pattern groups. An algorithm to identify O 2 P-curve patterns was developed in 28 patients. In the remaining 45 patients after excluding two with poor effort, this algorithm revealed 20 (44%) flattening, 16 (36%) increasing, and nine (20%) decreasing patterns. The flattening-type group had lower body mass, cardiac size, and diffusing capacity, and larger lung volumes (p = 0.05-<0.0001) compared to the increasing-type group. During exercise, the flattening-type group had a lower operable O 2 P and more hyperventilation and dyspnea (p = 0.02-<0.01). None had ST-T changes. Most differences were related to body mass and mildly to inspiratory fraction. The decreasing-type group performed higher effort than the increasing-type group (p < 0.05). In conclusion, O 2 P flattening was common and was associated with reduced body mass and pulmonary hyperinflation rather than with myocardial ischemia. The decreasing-type may be caused by motivation to exercise.
Subjects. The COPD was diagnosed according to the GOLD criteria 20 . The enrollment criteria were patients with COPD who underwent lung function tests and the ratio of their forced expiratory volume in one second (FEV 1 ) and forced vital capacity (FVC) was <70%. They were invited to perform the symptom-limited incremental CPET with arterial blood gas and lactate measurements. All patients must be clinically stable, and their medications must be not significantly changed one month before undergoing the tests. The exclusion criteria were if the patients had significant co-morbidities such as left ventricular failure (ejection fraction <50%), atrial fibrillation, renal failure (creatinine >2 mg/dL), cancer, hemoglobin ≤10 g/dL, peripheral artery occlusive disease, and uncontrolled diabetes mellitus or hypertension. Peripheral artery occlusive disease was diagnosed by history, medical record, and symptomatology. Participating in any physical training program during the study period was not allowed.
Protocols and Measurements. Anthropometric and biochemical measurements. Body mass index, triceps
skinfold thickness, and mid-upper arm circumference were measured. All measurements were made in triplicate by an experienced nutritionist, and the middle value was recorded for analysis. Complete blood cell analysis, carboxyhemoglobin, and selected biochemical tests were performed.
Oxygen-cost diagram (OCD) A 10-cm long vertical line marked with everyday activities was used by the patients to assess daily activities 21 . The distance from point zero was measured and scored.
Pulmonary function testing. Air flows and lung volumes were measured by spirometry and plethysmography (6200 Autobox DL, Yorba Linda, CA, USA or MasterScreen ™ Body, Carefusion, Wuerzburg, Germany) at body temperature, ambient atmospheric pressure, and fully saturated, using the best of three readings [22] [23] [24] . The single-breath technique was used to measure the diffusing capacity for carbon monoxide (D L CO). A 12-second maneuver of rapid and deep breathing was used to calculate the maximum voluntary ventilation (MVV). All lung volume data were obtained before inhaling 400 μg of fenoterol HCl and spirometry data were obtained before and after inhaling fenoterol. Maximal inspiratory/expiratory pressures were measured at residual volume and total lung capacity, respectively, before and 7 minutes after exercising (RPM, Micro Medical, Rochester, UK) three times, with a one-minute recovery period between efforts, with the best results being used for analysis.
Maximum cardiopulmonary exercise testing. After acclimating to a computer-controlled brake cycle ergometer and revealing stable exercise gas exchange (Medical Graphics, St. Paul, MN, USA), each subject completed a 2 minutes of rest and 2 minutes of unloaded cycling followed by a ramp-pattern exercise test to the symptom limited. Work rate was selected at a rate of 5-20 watts/minute based on a derived protocol formula according to the OCD scores 25 . The  VO 2 (ml/min), CO 2 output (  VCO 2 ) (ml/min), minute ventilation (V  E ), pulse rate and oxyhemoglobin saturation (S P O 2 ), and 12-lead electrocardiography were continuously measured. Blood pressure was measured at the end of each minute and at the point where the patients expressed peak exercise. Dyspnea was scored using the modified Borg scale every minute when the patients were performing the exercise. Calibrations of pneumotachograph and O 2 and CO 2 analyzers, anaerobic threshold (AT) measurement, and V  O 2peak predictions were performed as reported previously 25 . V  O 2peak was symptom-limited, and defined as the highest recorded value averaged over the last 15 seconds of loaded exercise.
A pre-requisite for final analysis of the data was the subjects must achieve the maximum exercise effort 26, 27 , including heart rate ≥85% of predicted maximum, respiratory exchange ratio ≥1.09, pH ≤7. 35 Cardiovascular stress level or exercise intensity was defined as heart rate at peak exercise/heart rate predicted maximum,
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where O 2 P peak = measured O 2 P at peak exercise and O 2 P max predicted = V  O 2 predicted maximum/predicted maximum heart rate The definition of ventilatory limitation was breathing reserve (BR) either <30% or <11-15 L/min, and was calculated as 27 :
E peak
where V  E peak /direct MVV expressing  V E demand/capacity ratio = Mean inspiratory tidal flow tidal volume (V ) (liters)/inspiratory time (sec)
T Rapid shallow breathing index breathing frequency (breath/ min)/V (liters)
T = = Inspiratory duty cycle inspiratory time/total time of breathing cycle (6) Development of smoothing techniques for O 2 P curve. To avoid breath-by-breath noise, all O 2 P data from unloading to peak exercise were obtained after averaging every 15 seconds with smoothing (Supplement file) using the computer software (Microcal Origin v 4.1, Microcal Software Inc., Northampton, MA, USA). By demonstrating residuals to the model fits, the process of curves smoothing using computer software was attested not causing impact on results (Supplement file: Appendix Figure 3 ). After developing the smoothing technique, the investigators used the algorithm, which showed intra-and inter-rater agreements using κ statistics of 0.7 (95%CI 0.52-0.89) and 0.7 (95%CI 0.52-0.88), respectively.
Chest radiography. Chest radiographs with posteroanterior view were obtained within 1 month from enrollment and evaluated by two pulmonologists blinded to the clinical information. The hila-thoracic ratio, cardiothoracic ratio, and diameter of the anterior descending pulmonary artery on upright posteroanterior chest radiographs were measured 28 using the DICOM viewing software (Infinitt PACS, v3.0.11.3, VN3, Infinitt, Korea). The inter-rater agreement using Pearson's correlations were 0.66, 0.87, and 0.58 for the hila-thoracic ratio, cardiothoracic ratio, and diameter of the anterior descending pulmonary artery, respectively (p < 0.01-0.0001). Average values were recorded for analysis.
Two-dimensional echocardiography. Two-dimensional echocardiography (iE33, Philips, Seattle, USA) was performed with parasternal, apical and subcostal views 29-31 within 4 weeks before or after CPET. If there were acute exacerbations of COPD in the time between the two tests, one of the tests was postponed. The echocardiography was conducted by an experienced technician or cardiologist who was blinded to the clinical data, lung function and CPET reports. The stored data were reviewed by two experienced cardiologists who were not blinded to the measurements.
Arterial blood sampling and lactate determination. Blood samples were drawn from the brachial artery via an arterial catheter connected to a pressure transducer within the last 15 seconds of each minute after the start of exercise to peak exercise. Plasma lactate was also analyzed (YSI, Yellow Springs, Ohio, USA). The V D /V T was calculated as follows:
where V D /V T indicates dead space volume and tidal volume ratio. The breathing valve dead space was so small (approximately 30 mL) that it was ignored.
Statistical Analysis. Data were summarized as mean ± standard deviation or frequency and percentage.
All of the data were shown to be normally distributed by the Kolmogorov-Smirnov test and therefore p values were calculated by ANOVA with Tukey's correction for multiple comparisons to compare means between the three groups. Fisher's exact method with Holm's correction for multiple comparisons was used in contingency table analysis for categorical variables. A p < 0.05 was considered to be significant, and 0.05-0.1 as marginally significant 32 . Statistical analyses were performed using SAS software v9.4 (SAS Institute Inc., Cary, NC, USA) and Microcal Origin v4.1.
Results
Seventy-five patients were enrolled and completed the study (Fig. 1) , of whom 28 were used to develop the algorithm to identify O 2 P-curve patterns (Supplement file). The remaining 47 patients were used as the study group, two of whom were excluded from analysis due to poor effort (exercise duration of 2 minutes) leaving 45 patients for the final analysis. Twenty patients (44%) with an increasing O 2 P pattern initially followed by a flattening pattern were classified in the plateau-type group, 16 patients (36%) with an increasing pattern during loaded exercise were classified in the increasing-type group, and nine patients (20%) with a decreasing pattern during the last few minutes were classified in the decreasing-type group.
The plateau-type group had lower body weight, body mass index, and triceps skin-fold compared to the increasing-type group (Table 1 , p = 0.03-<0.0001) and also lower creatinine levels compared to the decreasing-type group (p = 0.05). Differences in other anthropometric and biochemical data were insignificant between the groups. The cardiothoracic ratio in chest radiography and end-diastolic right ventricle area measured in sub-costal 4-chamber view were or tended to be smaller in the plateau-type group (Table 2 , p = 0.004 and 0.06, respectively).
The plateau-type group had a larger TLC and higher rate of inspiratory capacity/TLC ratio (inspiratory fraction) ≤25% (Table 3 , all p = 0.05-0.01), lower D L CO (p < 0.0001) and poorer recovery of maximum inspiratory pressure after exercise (p = 0.05).
The frequency of dyspnea limiting exercise was higher in the plateau-type group compared to the increasing-type and decreasing-type groups (Table 4, both p < 0.05). Only one patient had chest pain (at the right side). During exercise, none of the patients had ST changes or T wave inversion on EKG. At peak exercise, the plateau-type group had lower  VO 2 , O 2 P, operable O 2 P (Table 4 , all p = 0.01-0.02), and higher inspiratory duty cycle, mean inspiratory flow normalized by
The decreasing-type group was similar to the plateau-type group regarding all exercise variables. However, compared Table 1 . Demographic and biochemistry data of patients with chronic obstructive pulmonary disease grouped by the patterns of oxygen pulse (n = 47*, mean ± SD). *2 patients excluded from the analysis due to poor exercise performance. Bolded numbers indicating statistical significance or the largest number of each variable across the three groups.
to the increasing-type group, the decreasing-type group had a larger decrease in pH (p = 0.05), increase in plasma lactate level, maximum effort score, breathing frequency, and rapid shallow breathing index between at rest and peak exercise (all p = 0.01-0.04). All of these differences were more related to BMI than to predicted TLC% or the frequency of inspiratory fraction ≤25% (Tables 5 and 6 , Fig. 2 ).
Discussion
In this study, we identified three O 2 P curve patterns in response to symptom-limited incremental exercise in patients with COPD: increasing, plateau, and decreasing. To the best of our knowledge, this is the first study to investigate O 2 P curve patterns in patients with COPD. . Adding CPET and gas exchange measurements such as O 2 P curve flattening has been reported to be of value in diagnosing and quantifying both overt and occult myocardial ischemia 5 . However, another study reported that flattening of the O 2 P curve during exercise can only be used to detect extensive but not mild myocardial ischemia 6 . Moreover, a study on multivariate criteria in diagnosing cardiac causes of exercise limitation found that the O 2 P curve flattening pattern was not superior to predicted O 2 P% 4 . Despite these inconsistent clinical implications of O 2 P curve flattening, 16.6% of patients with COPD have ischemic heart disease 34 , which enhances the importance of this pattern. However, we cannot definitively conclude that this pattern was associated with myocardial ischemia in patients with COPD, as none of the patients had significant ST segment or T wave changes in EKG or significant chest pain or oppression during exercise. Table 4 . Cardiopulmonary exercise test and arterial blood gas and lactate data at peak exercise in the patients with chronic obstructive pulmonary disease grouped by the oxygen pulse (O 2 P)-curve patterns (mean ± SD). ] between at rest and at peak exercise ≥4 meq/L, and the change in lactate concentration between at rest and at peak exercise ≥4 meq/L. Each criterion represented one point for maximum exercise. The points of maximum effort level were scored from 1-6 points. The accumulated points represented the effort level of exercise. Please refer to text. Bolded numbers indicating statistical significance or the largest number of each variable across the three groups.The p values with a superscript M indicating a Holm's adjusted p value 0.06-0.1 by a Fisher's test. Other symptoms limited also occurred in the increasing-type group, one being too hot, two having dry mouth, one oxyhemoglobin desaturation; one having foot sliding out on biking in the plateau-type group. Two patients having multiple limiting symptoms in the plateau-type group, one patient having multiple limiting symptoms in the decreasing-type group. O 2 P curve flattening and its associated factors. The patients with a plateau-type O 2 P curve had a reduced body mass, smaller heart size, weaker inspiratory muscles, lower diffusing capacity, greater lung volume, and higher rate of inspiratory fraction ≤25% (Tables 1-3 and Fig. 2 ). This group also had a lower metabolism and O 2 P, and a higher frequency of dyspnea and hyperventilation at peak exercise (Table 4) . These aforementioned differences among the three groups were most correlated with BMI and less with inspiratory fraction or predicted TLC% (Table 5) . O 2 P and operable O 2 P were more significantly associated with BMI than with inspiratory fraction, but insignificantly with predicted TLC% (Tables 5 and 6 ). There were significant differences in the frequency of inspiratory fraction ≤25% among the three groups, however inspiratory fraction was modestly correlated with O 2 P% peak predicted (Tables 3 and 6 ). These findings suggest that inspiratory fraction influences the O 2 P pattern in a threshold manner rather than a linear relationship.
The cardiac size was associated with both BMI and inspiratory fraction, with the latter contributing less (Table 6 ). This is partly consistent with a previous study that suggested that hyper-inflated lungs or emphysema may compress the heart 35 or reduce O 2 P
14
. We speculate that both reduced body mass and dynamic hyperinflation contribute to intra-thoracic pressure swings which mechanically constrain blood return to the right heart and/or Table 5 . Body mass index (BMI), inspiratory fraction (IC/TLC), and total lung capacity (TLC)% correlated with the variables significant differences across the three O 2 P patterns (N = 45). EDRV: subcostal 4-chamber view end-diastolic right ventricle area, CO: carbon monoxide, pre: before exercise, post-pre: difference between after and before exercise, V T /T I /  VO 2 peak: tidal volume and inspiratory time ratio normalized by oxygen uptake at peak exercise, V  CO 2 : CO 2 output. Table 6 . Multiple linear regression with body mass index (BMI) and inspiratory fraction (inspiratory capacity and total lung capacity ratio) on the variables significant different across three oxygen pulse (O 2 P) patterns (N = 45). EDRV: sub-costal 4-chamber view end-diastolic right ventricle area, CO: carbon monoxide, pre: before exercise, post-pre: difference between after and before exercise, V T /T I /  VO 2 peak: tidal volume and inspiratory time ratio normalized by oxygen uptake at peak exercise, V  CO 2 : CO 2 output. All variables were standardized. To avoid co-linearity problems, all variables were centered. SE is the standard error of the parameter estimates.
* p < 0.05, ** <0.01, † <0.0001, ¶ <0.1.
increase afterload to the right and left ventricles 13 in a threshold manner, thereby flattening the O 2 P curve. The additional importance of inspiratory fraction is that it is associated with mortality 36 when the fraction is ≤25% or predicts forecasting peak  VO 2 < 60% when the fraction is <28%
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. Other factors influencing the O 2 P curve patterns might be also co-linear with BMI (Fig. 2) .  VO 2 and O 2 P at peak exercise were significantly different across the three groups (Table 4 , p = 0.02 and 0.01, respectively), however the differences became insignificant when peak V  O 2 or O 2 P was presented with predicted value, suggesting the differences were co-linear with body mass. This is consistent with previous reports in which  VO 2 was affected by body mass 38 , ventilation capacity 16 , dynamic hyperinflation 39 , and dead-space ventilation, and O 2 P at peak exercise was affected by BMI, inspiratory fraction ≤25%, predicted FEV 1 %, and hand grip force 14 . In contrast, the rapid shallow breathing index differed significantly between the decreasing-type and the increasing-type groups (Table 4) , however the index was associated with motivation to perform exercise (see below) and not BMI or inspiratory fraction (Table 5 ).
Decreasing O 2 P curve pattern. The decreasing-type group was similar to the plateau-type group in demographics, cardiac size, lung function, and exercise physiology except for having higher creatinine levels and lower lung volumes (Tables 1-4 , all p ≤ 0.05). This was because the plateau-type had smaller muscle mass but larger lung volumes. Compared to the increasing-type, the decreasing-type group had higher maximum effort scores, more acidity, and more rapid breathing pattern at peak exercise, suggesting that this group was more motivated to perform (Table 4) .
Factors dissociated with O 2 P curve patterns. The O 2 P curve patterns were not related to pack-years of cigarette smoking, OCD or forced spirometry values. OCD mimics exercise capacity expressed in MET normalized with body weight 21 , which may weaken the association between OCD and O 2 P curve pattern. The O 2 P curve patterns were not related to exercise power, dynamic heart rate, blood pressure, ventilation capacity, dead space ventilation, P a O 2 , or P a CO 2 at peak exercise. In addition, dynamic dead space ventilation was significantly correlated with dynamic O 2 P (with peak O 2 P, r = −0.65, p < 0.0001, with operable O 2 P, r = −0.68, p < 0.0001), suggesting that dynamic dead space ventilation cannot explain O 2 P curve patterns.
Study limitations. First, we did not thoroughly investigate myocardial ischemia by nuclear medicine or coronary angiography, so that the relationship between myocardial ischemia and O 2 P curve flattening could not be established. However, EKG did not reveal significant ST segment or T wave changes, and no chest pain or oppression occurred during exercise (Table 4) and recovery from exercise. Moreover, no cardiac events developed during the follow-up period (at least 2 years). These findings indicate that myocardial ischemia may not have been the major cause of O 2 P curve flattening. Second, selection bias may have occurred as patients with obvious coronary artery disease and left heart failure were excluded, so the results cannot be generalized to all subjects who perform CPET. Third, according to a previous report on co-morbidities with ischemic heart disease 34 , eight of our cohort should have had ischemic heart disease, although we did not find this. Fourth, we did not measure dynamic inspiratory capacity. However, it seems reasonable that dynamic hyperinflation can be deduced from static hyperinflation since both are highly correlated 39 . Fifth, muscle extraction of oxygen has been assumed to be predictable or the frequency of abnormal muscle extraction of oxygen is low in the general population and patients with COPD. However, the rate of mitochondrial myopathy has been estimated to be 8.5% in the general population 40 . Sixth, patient's BMI or body surface area is related to the cardiovascular size 41 and may influence the magnification factors of radiography thereby influencing parallax and measurements in chest radiographs 42 . However, the cardiovascular size measured with cardiothoracic and hila-thoracic ratios reported in the current study is less influenced by body size 41 . However, the possibility of impact of the magnification factors on measurement of the anterior descending pulmonary artery cannot be excluded. In addition, we did not evaluate the inter-rater agreement in measurement of cardiac size with two-dimensional echocardiography thereby probably introducing measurement bias. Lastly, because high-resolution computed tomography was not performed to evaluate the severity of emphysema, the relationships among O 2 P curve patterns, emphysema, and inspiratory fraction could not be determined.
Clinical implications. By categorization of patients with COPD into the three groups according to the O 2 P curve patterns, the clinicians may acknowledge that O 2 P curve flattening is much less associated with myocardial ischemia thereby preventing performing unnecessary investigations. Accordingly, providing the optimal management to improve the O 2 P curve flattening can be reached by ameliorating body mass and inspiratory fraction. Whether these measurements can be used in a prognostic manner is to be shown. Finally, further research on the O 2 P curve patterns in patients with heart failure and with COPD concurrently and direct measure of hemodynamics of both patient groups is recommended.
Conclusions
By analyzing O 2 P with a smoothing technique, we identified three patterns of O 2 P curve, and the flattening pattern was common in patients with COPD when performing CPET. This pattern was further related to exercise-limiting dyspnea and reduced body mass, and modestly related to pulmonary hyperinflation but not to myocardial ischemia. The decreasing-type may be caused by motivation to exercise.
